Human dysplastic kidneys are developmental aberrations which are responsible for many of the very young children with chronic renal failure. They contain poorly differentiated metanephric cells in addition to metaplastic elements. We recently demonstrated that apoptosis was prominent in undifferentiated cells around dysplastic tubules (Winyard, P.J.D., J. Nauta, D.S. Lirenman, P. Hardman, V.R. Sams, R.A. Risdon, and A.S. Woolf. 1996. Kidney Int. 49:135-146), perhaps explaining the tendency of some of these organs to regress. In contrast, apoptosis was rare in dysplastic epithelia which are thought to be ureteric bud malformations. On occasion, these tubules form cysts which distend the abdominal cavity (the multicystic dysplastic kidney) and dysplastic kidneys may rarely become malignant. We now demonstrate that dysplastic tubules maintain a high rate of proliferation postnatally and that PAX2, a potentially oncogenic transcription factor, is expressed in these epithelia. In contrast, both cell proliferation and PAX2 are downregulated during normal maturation of human collecting ducts. We demonstrate that BCL2, a protein which prevents apoptosis in renal mesenchymal to epithelial conversion, is expressed ectopically in dysplastic kidney epithelia. We propose that dysplastic cyst formation may be understood in terms of aberrant temporal and spatial expression of master genes which are tightly regulated in the normal program of human nephrogenesis. 
Introduction
Development is orchestrated by regulatory genes expressed in a temporal and spatial cascade (1) . Many such genes encode transcription factors that must first bind to, and then regulate the expression of, growth factor, cell adhesion, and also other transcription factor genes (1) (2) (3) . One transcription factor family contains the DNA-binding "paired" domain and is encoded by PAX genes (4), of which nine members have been identified in humans (5) . Drosophila homologues control embryonic patterning (4) and cell specification (6) , while a zebrafish PAX gene is implicated in retinal development (7) . Expression patterns and functional ablation experiments show that mouse PAX genes regulate development of the brain, eye, lymphoid system, musculature, neural crest, thymus and vertebrae (8) (9) (10) (11) (12) . Other studies reveal PAX overexpression causes cell transformation and tumor formation (13). In humans, familial and sporadic human mutations in PAX3 and PAX6 are associated with Waardenburg syndromes (14, 15) and aniridia (16) respectively, while rearrangement of PAX3 causes soft tissue tumors (17) .
Two PAX genes are relevant to nephrogenesis, PAX2 and PAX8 (18, 19) . Mouse PAX2 is expressed in the mesonephric duct and its branch, the ureteric bud which gives rise to ureteric, renal pelvic and collecting duct epithelia. Both PAX2 and PAX8 are expressed in mesenchymal/epithelial conversion during nephron formation. These genes are downregulated as the kidney matures (18) (19) (20) but transgenic overexpression of PAX2 causes epithelial hyperproliferation and cyst formation (21) . Conversely, genetic ablation of a single PAX2 allele causes renal hypoplasia (9, 22) while antisense oligonucleotides, which reduce PAX2 protein in organ culture, inhibit the mesenchymal to epithelial transition (23) . Homozygous PAX2 null-mutant mice have no kidneys because the ureteric bud fails to branch from the mesonephric duct (22) . Furthermore, the absence of mesonephric tubules suggests that PAX2 is required for mesenchymal/epithelial conversion in vivo, and Fallopian tubes are absent because PAX2 is expressed in Mullerian duct derivatives (24) . PAX2 mutations have also been found in humans, arising de novo or inherited in an autosomal dominant manner (25, 26) . Heterozygous individuals with mutations of either the paired or octapeptide domains most likely have haploinsufficiency, a partial lack of functional protein.
They suffer from optic nerve colobomas, vesicoureteric reflux, and "hypoplastic" kidneys, although histological analysis was not performed in the original report (25) . Homozygous PAX2 mutations have not been described in humans although known kindreds with kidney and Mullerian malformations superficially resemble the (female) mouse null-mutants (22, 27) . PAX2 and PAX8 are overexpressed in Wilms tumor (20, (28) (29) (30) , a malignant neoplasm containing tissues resembling the embryonic kidney, and also in renal cell carcinoma (31) . Thus, in mice and humans, a deficiency of metanephric PAX2 protein is associated with growth failure while overexpression of the same protein is associated with cyst or tumor formation.
Human dysplastic kidneys are developmental aberrations which are responsible for many of the very young children who require dialysis and renal transplantation (32) (33) (34) (35) . They contain poorly differentiated metanephric cells in addition to meta-plastic elements (32, 34, 35) . We recently demonstrated that apoptosis was prominent in undifferentiated cells surrounding dysplastic tubules (36) perhaps explaining the tendency of some of these organs to involute (37) . In contrast, apoptosis was less common in dysplastic epithelia (36) which are thought to be malformed branches of the ureteric bud (34) . These tubules may form cysts large enough to distend the abdominal cavity (the multicystic dysplastic kidney) (34) and these kidneys may on occasion become malignant (38, 39) . We now demonstrate that dysplastic tubules maintain a high rate of proliferation through the postnatal period, and that PAX2 protein, a potentially oncogenic transcription factor, is highly expressed in the nuclei of these epithelia. In contrast, both cell proliferation and PAX2 are downregulated during normal maturation.
Methods
Sources of normal and dysplastic organs. The modes of collection of specimens have been fully described (36) . All abnormal kidneys met histological criteria for dysplasia based on the identification of immature tubules together with the presence of metaplastic cartilage (32, 34, 35) . In addition, undifferentiated and fibromuscular-like cells are seen around dysplastic epithelia and multicystic dysplastic kidneys contain massive dilatated terminal segments of dysplastic tubules. In this study we have also included normal postnatal samples from children who died from Sudden Infant Death syndrome (SIDS). No renal or other pathology was detected in these samples at post mortem. The prenatal samples are documented in Table IA and postnatal samples in Table IB ; obstructed kidneys are indicated. Kidneys were fixed in 10% formalin and embedded in paraffin wax. Sections were cut at 4-6 m and were counterstained with methyl green.
Immunohistochemistry. For PAX2 immunohistochemistry we used a rabbit polyclonal antibody raised against amino acids 188-385 in the carboxy-terminal domain of PAX2 (20) : this sequence does not include the highly conserved paired domain which is located in the amino-terminal region of the full length PAX2 protein (18) . Using cells transfected with PAX2, 5, and 8 there is only appreciable reactivity to the former protein and, using deletion mutants of PAX2, this All abnormal kidneys were cystic dysplastic and three were attached to obstructed urinary systems. Sudden infant death syndrome (SIDS) patients died without any pathological cause being found at post mortem examination. These kidneys were histologically normal. In the Wilms tumor samples we examined the normal surrounding renal tissue. None of these children had WT1 mutations (36).
antibody recognizes major epitopes between amino acids 270-338 (40) . In homogenates of mouse metanephros the antibody recognizes a single major doublet (46-48 kD) on western blot (20) . Our own unpublished observations show that this antibody recognizes similar bands on western blot of human fetal kidney (data available on request). For WT1 immunostaining we used a rabbit polyclonal IgG fraction raised against an epitope in the carboxy terminus of the human WT1 protein (C-19: Santa Cruz Biotechnology, Inc., CA). This antibody has been found by the manufacturer and also by other groups (41) to specifically recognize WT1 transcription factor/splicing factor protein on western blot. Our own unpublished observations also demonstrate that a protein doublet (45-50 kD) is recognized by this antibody in western blot of reduced homogenates of human fetal, mature and dysplastic kidney (data available on request). Mouse monoclonal antibody to proliferating cell nuclear antigen (PCNA) 1 , a DNA-polymerase ␦ -associated protein expressed at high levels during S phase (42), was purchased from Oncogene Science, Inc., (Cambridge, MA) (PCNA Ab-1). Monoclonal mouse antibody to human BCL2 was purchased from DAKO (clone 124; DAKO A/S, Glostrup, Denmark). All other chemicals were supplied by Sigma (Poole, Dorset, UK) unless otherwise stated.
Immunohistochemistry was performed using conventional techniques as follows. Sections were dewaxed through Histo-Clear (National Diagnostics, Atlanta, GA) twice for 10 min, followed by rehydration through 100% alcohol (Hayman Ltd., Witham, Essex, UK) twice for 5 min and then stepwise through 95, 90, 75, 50, and 30% alcohol for 3 min each. After washing in phosphate buffered saline (PBS, pH 7.4) for 5 min and running tap water for ten minutes they were immersed in Citric acid buffer (2.1 g/l, pH 6.0) and boiled in a microwave for 8-15 min. They were then allowed to cool, rewashed in tap water and PBS, then incubated in 3% hydrogen peroxide for 15 min to quench endogenous peroxidase activity. After two further washes in PBS, non specific antibody binding was blocked with 10% fetal calf serum/PBS and the primary antibody was then applied for one hour at 37 Њ C. WT1, PCNA, and BCL2 antibodies were used at a 1 in 50 dilution and the PAX2 antibody at a concentration of 10 mg/ liter. Primary antibodies were detected using a streptavidin biotin peroxidase system (Dako, ABC Kit) followed by diamino benzidine (DAB). They were then counterstained with 0.5% methyl green for 10 min, washed three times with water and butanol, once in histoclear for 10 min, and mounted in DPX (BDH, Poole, UK). Specimens were examined and photographed on a Zeiss Axiophot microscope (Carl Zeiss, 7082 Oberkochen, Germany).
Results
Consistent patterns of gene expression were noted in each group. Results are summarized in Table II , are described below, and are illustrated in Figs. 1-4 .
PAX2 in normal human nephrogenesis. The human metanephros can be identified at 5 wk gestation and consists of a ureteric bud and renal mesenchyme. The first glomeruli form at 9 wk and a nephrogenic zone is maintained to 34 wk (34) . Renal mesenchymal cells do not express PAX2 protein (Fig. 1 , A , C -E and Fig. 2, A ) . As this lineage differentiates PAX2 was expressed during mesenchymal to epithelial transition, first in mesenchymal condensates and then in vesicles and commashaped bodies (Fig. 1 , A , C and D , and Fig. 2, A ) . As expected for a transcription factor, immunoreactivity was intense in nuclei, although some cytoplasmic staining was also noted (Fig. 1 , E and H ). In the next stage of nephron maturation, the S-shaped bodies, PAX2 was detected in all elements apart from precursors of glomerular visceral epithelia (Fig. 1, E ) . In the capillary loop stage of glomerulogenesis faint PAX2 immunoreactivity was present in parietal epithelia and in adjoining proximal tubules (Fig. 1 G -H ) . PAX2 protein was not detected in mature glomeruli (Fig. 1, I ). In the ureteric bud lineage, intense PAX2 immunoreactivity was detected in branching ampullae, each of which is flanked by mesenchymal condensates (Fig. 1, A , C and D and Fig. 2, A ) . Nuclei in fetal cortical and medullary collecting ducts showed weaker but consistent immunostaining (Fig. 1, F and G ) . Mature collecting duct cells generally had no significant staining above control sections in which the anti-PAX2 antibody had been omitted, although occasional ( Ͻ 10%) nuclei showed faint immunoreactivity (Fig. 1, I and Fig. 2, C ) .
PAX2 in human multicystic dysplastic kidneys. Multicystic dysplastic kidneys contain dysplastic tubules which are thought to be malformations of ureteric bud branches (34) . Studies by Potter revealed that these tubules were connected to cysts (34) . The tubules are immediately surrounded by fibromuscular-like cells and, further from the tubule, there are looser-packed undifferentiated cells (Fig. 2, E and F , Fig. 3 , C and D and Fig. 4, C and D ) . All nuclei of epithelia lining the dysplastic tubules stained intensely with antiserum to PAX2 and the flattened epithelial cells lining cysts were also positive (Fig. 2, E and G ) . In contrast the poorly differentiated cells surrounding the tubules did not express PAX2 (Fig. 2, E and  G ) . Strikingly, the same pattern of PAX2 expression was detected in both prenatal and postnatal multicystic dysplastic kidneys. Thus, PAX2 expression is not downregulated with time in these organs.
PCNA in normal and abnormal human nephrogenesis. PCNA is associated with DNA replication machinery and is strongly expressed in S phase (42) . When identified in cell nuclei, it can be used as a surrogate marker of proliferation. In normal human nephrogenesis, nuclei with PCNA immunore- activity were scarce within the undifferentiated mesenchyme but the protein is highly expressed during the mesenchymal to epithelial transition and also in the ampullary tips of the branches of the ureteric bud (Fig. 2, B ) . In postnatal normal kidneys PCNA positive cells were still detected in all parts of the nephron (Fig. 2, D ) but they were extremely scarce ( Ͻ 1% of total nuclei). Within human kidney malformations, 20-100% of epithelial nuclei in dysplastic tubules were positive for PCNA (Fig. 2 F ) . Furthermore, staining was positive in a similar proportion of cells in cystic epithelia (Fig. 2, H ) . Multicystic kidneys harvested pre-and postnatally showed similar patterns. Thus, PAX2 expression is associated with proliferation in normal fetal kidneys and in dysplastic tubules and cysts. Additionally, some nuclei were positive for PCNA in undifferentiated tissue around dysplastic tubules (Fig. 2, F ) . BCL2 in normal and abnormal human nephrogenesis. BCL2 protects developing cells from programmed cell death (43, 44) . In normal fetal kidneys immunoreactivity was first detected in mesenchymal condensates (Fig. 3, A and B ) , a stage at which both PCNA and PAX2 expression were present (Fig.  2, A and B ) . Thereafter, BCL2 was downregulated (Fig. 3, A and B ) in the developing nephron apart from in descending loops of Henle (data not shown). We did not detect BCL2 immunoreactivity in ureteric bud derivatives such as ampullae and collecting ducts (Fig. 3, A and B ) . In dysplastic kidneys, BCL2 protein was consistently expressed within the cytoplasm of dysplastic tubule epithelia but was absent from surrounding collarettes and other poorly differentiated cells (Fig. 3, C and  D ) . This is an ectopic pattern since dysplastic tubules are derived from the ureteric bud (34) , but this lineage does not normally express BCL2. Moreover, we found that BCL2 expression was not downregulated postnatally in dysplastic tubules.
WT1 in normal and abnormal human nephrogenesis. WT1 is essential for early nephrogenesis (41, 45, 46) . In normal fetal kidneys WT1 was faintly expressed in nuclei of condensates and vesicles (Fig. 4, A ) . The intensity of staining increased in the proximal limbs of S-shaped bodies, with the highest levels in immature glomerular podocytes (Fig. 4, A ) , a pattern which persisted postnatally (data not shown). WT1 protein was not detected in derivatives of the ureteric bud. In dysplastic kidneys, WT1 nuclear protein was absent in dysplastic epithelia but was detected in 10-80% of fibromuscular and undifferentiated cells around malformed tubules (Fig. 4, C) . The intensity of staining in these cells was similar to that observed in the early stages of nephron formation but less than the nuclear staining in glomerular podocytes (Fig. 4, A) .
Metaplastic cartilage was negative for PAX2, BCL2, and WT1. Gene expression patterns were similar in dysplastic kidneys with either patent or obstructed lower urinary tracts (see Table I , A and B for patient details).
Discussion
PAX2 and normal human nephrogenesis. This is the first study to document the detailed expression of PAX2 protein in human nephrogenesis. We found that PAX2 is regulated both in developmental space and time in cells undergoing critical morphogenetic events including both mesenchymal/epithelial transition and branching morphogenesis. Similar nephrogenic expression domains have been reported for mouse PAX2 mRNA (18) and protein (20) and human mRNA (28). In common with Hanai and co-workers (47), who used PCNA staining in mice kidneys, we found a high proliferation index in the nephrogenic cortex of fetal kidneys but that proliferation was markedly downregulated postnatally. Our data show that, in both mesenchymal and ureteric bud derivatives, the most intense expression of PAX2 protein occurred in populations of epithelial precursors with the highest proliferation index. In the postnatal period it was rare to identify nuclei which were positive for either PAX2 or PCNA.
Normal relationship of PAX2 expression to WT1. Mundlos and colleagues detected low levels of WT1 protein in human renal mesenchyme but not in vesicles with an antibody raised against the first alternative spice site in WT1 (48) . Another group found little protein expression in condensing renal mesenchyme of mice with an antibody raised against aa 1-179 of WT1 (2). We found faint but positive WT1 staining in renal condensates and vesicles using an antibody raised against the carboxy terminus. In accord with previous studies (2, 48), we observed that the level of WT1 increased in S-shaped bodies and podocytes. Thus our study identified WT1 protein at a slightly earlier stage during the mesenchymal to epithelial transition as compared with previous reports. We suggest that this difference may be attributed to a more sensitive staining technique or to the fact that antibodies were raised to different regions of WT1 and may thus have the capacity to recognize different isoforms. Furthermore, the fact that homozygous WT1 null mutant mice have absent kidneys due to lack of induction and subsequent apoptosis of renal mesenchyme (46) would appear to suggest that low, but biologically important, levels of WT1 protein are indeed expressed even before the condensate or vesicle stages. There is biochemical evidence that WT1 can repress transcription of PAX2 (2), consistent with the general inverse relationship between PAX2 and WT1 noted during glomerular podocyte maturation in our study. Of note, the normal downregulation of PAX2 in maturing collecting ducts was not associated with WT1 expression, suggesting that other molecules switch-off PAX2 in this lineage.
Normal relationship of PAX2 expression to BCL2. Our observations of BCL2 expression in normal human nephrogenesis accord with a recent study (49) . Bcl2 null mutant mice are born with hypoplastic kidneys and metanephric growth in organ culture is restricted due to apoptosis (44, 50) . Thus BCL2 is required to prevent death of proliferating nephron precursors. The fact that PAX2, BCL2, and PCNA proteins are highly expressed together in the mesenchymal condensate suggests that PAX2 and BCL2 are important molecules for cell proliferation and survival in this first morphogenetic step in nephron formation. Although we found that PAX2 expression correlated with proliferation in ureteric bud branches, BCL2 was not expressed in these normal ampullae, and our previous observations suggest that these structures are not sites of marked apoptosis (36) . It is possible that these cells express other anti-death molecules (e.g., BCL XL ) or have lower levels of apoptosis-inducing molecules (e.g., BAX) (51) .
Cell lineages and biology of multicystic dysplastic kidneys. Classical studies by Edith Potter described the anatomy of dys- plastic kidneys (34) . This and other work (52) suggests that dysplastic tubules are malformed branches of the ureteric bud while dysplastic cysts correspond to distended ampullae (34) . The cells surrounding these epithelia are undifferentiated "mesenchymal" or "stromal" cells as well as metaplastic cells with characteristic fibromuscular morphology (the "collarettes" immediately surrounding dysplastic tubules) and cartilage (32, (34) (35) (36) . These cells probably originate as renal mesenchymal or intermediate mesoderm cells which either fail to develop or differentiate along inappropriate pathways. Another possibility is that some of these cells derive from the ureteric bud since one recent study demonstrated a contribution of the bud to stroma in metanephric organ culture (53) .
Very little is known about the cell biology of human multicystic dysplastic kidneys. We recently demonstrated that the incidence of apoptosis was increased in cells surrounding dysplastic epithelia but that programmed cell death was rare in the abnormal epithelia themselves (36) . We suggested that the tendency for some of these organs to regress (37) and the failure to form mature nephrons might be explained by increased programmed cell death.
Aberrant PAX2 and BCL2 expression correspond with death and proliferation in renal dysplasia. We can now associate defined patterns of gene expression with hyperproliferation in dysplastic epithelia and with cell death in surrounding cells (36) . Many of the cells around dysplastic tubules express WT1 protein with an intensity comparable to that found in the normal primitive nephron and thus appear to have been induced. If this is so, why do they fail to differentiate and why is apoptosis common? (36) We suggest that the answer lies firstly in the absence of PAX2 expression, causing failure to undergo mesenchymal/ transition, and secondly in a lack of BCL2, resulting in a failure of precursor survival. Using similar reasoning we speculate that cyst formation in dysplastic kidneys is caused by persistent expression of PAX2, which would provide a continuous proliferation signal, and ectopic BCL2 expression which would prevent immature epithelia from dying. Moreover, the persistent postnatal expression of PAX2 could contribute to the genesis of the tumors which have been reported in dysplastic kidneys (38, 39) .
Conclusions. We propose that cyst formation in human dysplastic kidney malformations can be understood in terms of aberrant temporal and spatial expression of master genes which are tightly developmentally-regulated during the normal program of human nephrogenesis. In the future it will be interesting to document the expression in these dysplastic organs of other molecules known to be associated with development of ureteric bud derivatives. These include met (54, 55) , ros (56), ret (57), epidermal growth factor receptor (58), low affinity nerve growth factor receptor (59) and L-myc (60) . Further studies are now necessary to determine whether the aberrant patterns of gene expression we have documented have their origin in either mutations of genes expressed in nephrogenesis or in nongenetic factors such as teratogens: both types of pathogenetic mechanism have been implicated in human and animal kidney malformations (61) . Finally, although urinary tract obstruction has been implicated as causing renal dysplasia, we found no difference in gene expression between obstructed and nonobstructed organs.
